Plasma based electron and positron wakefield acceleration has made great strides in the past decade. However one major challenge for its applications on coherent light sources and colliders is its relatively large energy spread, currently at the few percent level. This energy spread is usually correlated with particle position in the beam arising from the longitudinal chirp of the wakefield. Therefore an ideal dechiper is highly desirable for reducing this spread down to ∼ 0.1% level, while at the same time for maintaining the emittance of the accelerated beam. Here we propose that a low density hollow channel plasma can act as a near-ideal dechirper for both electrons and positrons and demonstrate the concept through large scale three dimensional particle-in-cell simulations. We show that the initial energy chirp on the beam exiting a plasma accelerator can be systematically reduced by the nearly linear self-wake induced by the beam in the hollow channel from few percent level down to ≤ 0.1%. Meanwhile, the beam emittance is also well preserved due to the negligible transverse field inside the channel. This passive method may significantly improve the beam quality of plasma based accelerators, paving the way for their applications to future compact free electron lasers and colliders.
Currently the experimentally achieved energy spread is typically a few percent, which is about one order of magnitude larger than what is required for FELs and colliders.
To illustrate why plasma accelerators induce relatively large energy spread, the nature of this spread should be clarified. In fact, due to the very short wavelength of a plasma accelerator (tens to hundreds of micrometers), the acceleration phase interval occupied by the short electron/positron beams is much larger than that in a traditional accelerator, which can lead to a significant energy chirp in the beam unless ideal beam loading can be achieved [15, 16] . This chirp is typically much larger than the intrinsic slice energy spread of the beam. For example, in many recently proposed injection schemes, the intrinsic energy spread of the beam slices could be reduced down to ∼ 1 MeV or even tens of keV level [17] [18] [19] [20] [21] , therefore, for beam energies more than a few hundred MeV, the energy chirp induced by the acceleration phase variance becomes the dominant part of the total energy spread.
In principle, direct reduction of this energy chirp down to ∼ 0.1% level in a single-stage plasma accelerator is possible through subtle parameter fine-tuning. However, such fine-tuning is extremely challenging in practice. Following the common sense of divide-and-conquer, a two-step strategy may be more realistic and robust. In the first step, a stable beam with a chirped energy spread of a few percent is generated. Indeed, many schemes based on optimizing the injection and acceleration process in a plasma accelerator have been proposed and demonstrated to achieve this goal [18] [19] [20] 22] . In the second step, an ideal dechirper is utilized to reduce the energy spread down to 0.1% level without degradation of the beam emittance. Here, we propose to use a low density hollow channel plasma to serve as such a dechirper, as shown in the schematic diagram in Figure 1 .
To see why a hollow channel plasma can act as a near-ideal dechirper, the interaction between the chirped beam and the hollow channel plasma needs to be understood. If the plasma wake wavelength induced by the beam itself is much longer than its bunch length, the beam will totally stay in a decelerating phase of the wake with a negative slope (the tail of the beam experiences greater energy loss gradient than the head) inside the channel (Fig. 1) . For a beam initially with a positive energy chirp (higher energy at the tail), such a decelerating wake can effectively reduce the positive chirp over the beam's propagation. If the parameters are properly designed, an energy spread reduction down to 0.1% level or even lower is indeed possible. At the same time, the transverse focusing fields inside the channel will be zero or negligibly small if the beam is launched on or very close to the axis, and this will significantly help to preserve the beam emittance [23] .
We also note that this scheme works equally well for electron and positron beams, a unique feature crucial for the application on electron/positron colliders. In the following sections, detailed theoretical analyses and three-dimensional (3D) particle-incell (PIC) simulations will be systematically presented to show the effectiveness of the above scheme on energy spread reduction down to 0.1% level and emittance preservation.
RESULTS
Hollow channel plasma dechirper -concept and PIC simulation illustration. To illustrate the effectiveness of the hollow channel plasma dechirper, we show here a typical example through 3D PIC simulations using the code QuickPIC [24, 25] . In this example, a 10 GeV electron/positron beam with a 1% (RMS) linear positive energy chirp and an intrinsic slice energy spread of 1 MeV (RMS) is sent on-axis through a ∼ 78 cm long hollow channel plasma. The beam has 1 nC charge with a peak current I b = 10 kA (near flat-top current profile) and low normalized emittance nx,y = 50 nm.rad. These parameters are chosen to be comparable to the required beam parameters in a future linear collider design [26, 27] . The hollow channel plasma has an inner radius a = 200µm, outer radius b = 300µm, and electron density n p = 5 × 10 15 cm −3 within the annular plasma ring. By the end of the simulations, the relative energy spreads (δ W ) of both the electron and the positron beams have been dramatically reduced from 1% to ∼ 0.02%, close to the intrinsic slice 
(c) and (d).
Combining the above two features of E z , both beams (e − /e + ) can be dechirped by this annular plasma with negligible slice energy spread increase. After a propagation of 78.3 cm (e − )/77.5 cm (e + ), the minimum RMS energy spread of 2.0 MeV (e − ) / 1.7 MeV( e + ) is achieved with a mean energy of 9.83 GeV. Thus the relative energy spreads of the beams have been reduced from 1% down to 0.020%(e − )/ 0.017% (e + ). We note that the subtle variances between the e − and e + beams come from the slightly different nonlinear plasma response. Figure 2 (e) visualizes the corresponding longitudinal phase spaces of e − and e + bunches before and after the dechirper.
In Fig. 2 (f) , the evolutions of e − /e + beam normalized emittances over the whole propagation are plotted, and it is evident that the emittances are well conserved without noticeable change. Next we will analyze this concept in details with theoretical analyses and 3D PIC simulations for various beam parameters.
Theory and PIC simulation verification. To quantify the effectiveness of the hollow channel plasma dechirper for various beam parameters, we have carried out a theoretical analysis based on the linear wakefield theory [15, 28] . In the short bunch limit where the wake wavelength is much larger than the beam bunch length, the plasma response to a narrow drive bunch in the hollow channel is relatively weak, therefore the linear plasma wakefield theory can be adopted to properly describe the wakefield structure within the beam.
Using the linear wakefield theory, the longitudinal wakefield E z in the hollow channel can be expressed as a convolution of the bunch charge distribution with a single-particle wakefuntion [14, 28, 29 ]
where m is the electron rest mass, k p = (4πn p e 2 /mc 2 ) 1/2 is the plasma wavenumber, I(ξ) is the the beam current and I A ≈ 17 kA is the Alfven current. In this equation, A 0 and Ω 0 are two quantities related to the wake amplitude and wavelength
where
, and K n and I n are the modified Bessel functions of order n. 
Here f (ξ) is the normalized current profile. Equation (4) shows that E z is a decelerating field with a negative slope for both e − and e + beams. To quantify the dependence of E z on the current profile, the expressions of E z for three typical profiles (flat-top, sin 2 and Gaussian) are calculated and listed in Table I (see Methods) . For the flat-top current profile, E z within the beam is exactly linear along ξ, which is ideal for completely removing a linear energy chirp. For non-flat-top profiles, nonlinear energy chirps will be induced, therefore the final achievable minimum energy spread ∆W f will be a trade-off between the linear chirp reduction and the nonlinear chirp growth. 
Flat-top Sin
377 ‡ The subscripts "F", "S" and "G" refer to the flat-top, sin 2 and Gaussian current profiles, respectively.
The RMS bunch length is assumed to be L b /6. † Erf(ξ) = Table I (see Methods).
To verify the above theoretical expressions, a series of 3D PIC simulations using the code simulated E z field for three beam profiles (flat-top, sin 2 and Gaussian) for a peak current of 10 kA. For lower beam currents, the agreement will be better due to reduced nonlinear effect. The corresponding longitudinal phase spaces before and after the dechirper are shown in Fig. 3 (d) , (e) and (f). For the flat-top profile, the longitudinal phase space can be completely flattened, leading to a reduction in relative energy spread from 1% to below 0.01%. For the sin 2 and Gaussian profiles, E z still has a linear form for most part of the beam except near the bunch head and tail, where nonlinear feature of the wakefield is evident. This nonlinearity results in a sigmoid structure in the longitudinal phase space of the beam. Despite this non-ideal feature, the relative energy spread can still be reduced significantly from 1% to 0.139% (sin 2 )/0.223% (Gaussian).
The energy spread reduction versus propagation distances are also plotted for these three different profiles in Fig. 4 (a), (b) and (c). It can be clearly seen that the RMS energy spread almost linearly decreases during the beam propagation until the final minimum value is reached. For different peak currents, the achievable minimum RMS energy spreads are almost the same for a given profile, in good accordance with the linear wakefield theory analyses. In Fig. 4 (d) and (e),
we also plot the calculated and simulated G and H factors, and an excellent agreement is achieved.
As one can see from above, a flat-top profile for the beam current has the best effect for linear energy chirp reduction, with a potential to obtain energy spread well below 0.1%. Indeed, there are several possibilities in plasma based acceleration for shaping the beam current profile through injection optimizations [19, 21, 30] , and this is a very active research area.
DISCUSSION
The previous sections clearly demonstrate the effectiveness of a hollow channel plasma as a very effective dechirper. In practice, the robustness of this method should also be analyzed. A major factor that will derate the performance of this device in reality, is off-axis injection, which will excite a transverse bending field to steer the beam towards one side and to induce a growth of the beam projected emittance. To quantify the tolerance of off-axis injection, the transverse bending field W ⊥ = E r − cB θ can be calculated for given beam offset and current distribution [29] , and it turns out that W ⊥ is proportional to the offset x 0 and the inner radius a to its -3 power, a −3 . The W ⊥ also has a longitudinal dependence of the beam position, which induces the projected emittance growth. In Fig. 5 (a) , the final longitudinal phase spaces are plotted for different initial relative beam offset (x 0,i /σ x,i ) using 3D PIC simulations with beam and plasma parameters identical to Fig. 2 (a) . As expected, small relative offset has a negligible effect on the dechirping process. In 
and
When z = 0, Eq. (6) 
where H F ≈ 3.464.
For the sin 2 current profile, i.e., f (ξ) = sin 2 (πξ/L b ). According to Eq. (4), the expression for
One can see the first term in the brackets is the linear term of ξ, while the second term is the high-order nonlinear correction, which leads to the nonlinear energy chirp growth. After obtaining the expression for ∆W (z) and setting
where H S ≈ 0.6201 × 5.532 ≈ 3.430.
For the Gaussian current profile, the beam is assumed to be cut off outside three standard deviations from the beam center, i.e., f (ξ) = e
Substituting f (ξ) into Eq. (4), E z within the beam can be expressed as
Since the Gauss error function has both the linear and nonlinear terms, high-order nonlinear energy chirp will increase during the dechirping process. Similar to the sin 2 current profile case, we can 
where H G ≈ 0.5553 × 6.081 ≈ 3.377.
3D PIC Simulations.
The simulations are carried out using the 3D quasi-static PIC code QuickPIC [24, 25] in Cartesian coordinates with a window moving at the speed of light in the beam direction (z axis).
In the simulations shown in Fig. 2 , the simulation box has a size of 36 µm × 800 µm × 800 µm, 
